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Abstract 
Summer time is especially difficult to provide optimal conditions of the  microclimate in heavily used areas.  Choosing optimal 
materials and construction solutions is essential and can guarantee maintaining comfortable  conditions inside the building in all 
seasons, even when outside temperatures reach high levels. This article focuses primarily on the effect of the heat capacity of  
construction materials on the thermal comfort in a passive school building. Cellular concrete, silicate blocks and solid brick 
were analyzed. The simulation was performed from 15th May to 15th September. Results presented in this article show that in 
order to protect the building from overheating, heavy materials with a high heat capacity are the most effective. In case when 
highly conductive materials were used, it can be observed that lower inner temperatures appear during summer and  predicted 
mean vote values are close to the thermal comfort zone.  
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Humans have an incredible ability to adapt to a wide range of various climatic conditions. The efficiency of 
performed tasks and the psychophysical state of each of us largely depend on the environmental conditions in 
which we live. Providing optimal living conditions through experimental analysis and a choice of proper building 
and construction materials, give a high level of safety, comfort and efficiency of performed tasks. Early 
recognition of the environmental factors which have a strong influence on human well-being is crucial to undertake 
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proper actions with a purpose of correcting the microclimate and improving working conditions.  
2. Thermal comfort 
Besides ecological and economical issues, construction technology highly values utilitarian aspects. The 
intention of architecture is to design a visually attractive, durable and water-tight envelope of the building, while at 
the same time providing a high level of thermal comfort inside the building. This comfort is defined as a state of 
balance between the amount of heat generated by living organisms during the metabolic reactions, and the amount 
of heat lost due to effects such as heat radiation, convection and conduction.  
 
Exchange of heat between the human organism and the environment is the effect of several concurrent factors 
that together create the heat balance of this organism. The level of comfort is conditioned by environmental and 
individual parameters. The second type of parameters includes metabolism, acclimatisation and thermal insulation 
of clothing, and have a significant influence over a personal perception of heat.  Metabolic rate is defined as an 
amount of chemical energy a person frees from their body per unit of time. Heat generated through metabolism is 
highly dependent on the level of physical activity and is defined in “met” units or W/m2 (where 1 met = 58.2 W/m2 
of the human skin surface). Thermal insulation of clothing has a significant effect on the level of heat exchange 
with the environment. It is defined in physical units as m2K/W or “clo”. Assuming a wind speed of 0.1 m/s, air and 
walls temperature of 21ºC, and a relative humidity lower than 50%, 1 clo corresponds to 0.155 m2K/W [1].  
 
Evaluation of the microclimate is performed by measuring the levels of primary environmental parameters, 
derivatives of physical parameters and calculating the values of adequate indicators in order to compare them with 
proper hygienic requirements. For the microclimate, these requirements are defined by Polish Standard PN-EN 
ISO 7730:2006 [2]. In case of cold and hot environments it is necessary to consult “Rozporządzenie Ministra Pracy 
i Polityki Socjalnej” defining the highest acceptable concentrations of harmful factors in the working environment 
[3].  
3. Microclimate measurement results in a passive school 
Examination of the microclimate using a comfort meter is becoming more popular and is quite often demanded 
by the authorities. Classification of the building with regards to the level of heat comfort is performed according 
the Standard PN-EN 15251 [4], and environmental categories included within it allow us to define to which class 
of thermal comfort can a particular building be assigned to, and which heat criteria are required for each level [5]. 
One of the example buildings in which the analyses of the microclimate have been performed, is the so-called 
“School of the future” – the first school in Poland with a low level of energy consumption. This building is 
characterised by a high thermal insulation of external walls and a very low level of energy consumption for heating 
purposes, which is at the level of ca. 15 kWh/(m2 · year). This two-storey building with an area of ca. 800 m2 has 
been built in Lower Silesia in Budzów.  
 
The building has a mixed construction mounted on reinforced concrete footing with a thickness of 40 cm, and 
the width of 80 and 100 cm. Reinforced concrete floors with a thickness of 20 cm were designed. The main 
construction material from which the walls have been made, are silicate blocks with a thickness of 25 cm. The 
walls were insulated using Platinum Plus Styrofoam 32 cm thick. According to the project, any excess sunlight is 
supposed to be regulated by the installed external shading elements [6]. 
 
The first measurements were made during the two separate periods of time in November 2012 and June 2013. 
The periods for measurement and the room in which the measurements were performed (eastern class) were chosen 
due to the high level of sunlight during school operation times. Because of significant differences in the clothing of 
students and teachers present in class, two different variants of insulating clothing were assumed. The levels of 
predicted mean vote (PMV) in November were within the limits of thermal comfort, however, they were located 
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on the “warm” side of the average values. PMV factor values for the whole measured period in November were 
0.53 for the teacher and 0.29 for the students. Predicted percentage of dissatisfied (PPD) due to the thermal 
conditions in school was accordingly 11.0% and 6.71%. In case of measurement in June, the level of PMV factor 
was 0.86 which corresponded to 20.55% of PPD factor. It is easy to notice, that along with an increase in the 
average temperature by 5°C, PMV factor increased two-fold. 
 
Due to high inner temperatures during the spring-summer period and a high level of discomfort suffered by the 
users of the building, in 2014 new measurements were performed for longer periods of time. Inner blinds were 
installed, and during the night, mechanical ventilation system was used to cool the building. It is worth mentioning, 
that the outside temperature during the measurements in 2014 was 28°C, while during the measurement in June 
2013 it was only 23°C. Calculated values of primary environmental parameters for the measurements in June are 
shown in the Table 1.  
Table 1. Statistical measures of  primary environmental  parameters for measurements carried out in June 2013 and 2014. 
Statistical measures ta (°C) RH (%) tr (°C) va (m/s) PMV () PPD (%) 
2013 2014 2013 2014 2013 2014 2013 2014 2013 2014 2013 2014 
Average 26.19 24.67 52.60 63.66 26.80 24.94 0.01 0.02 0.86 -0.30 20.55 10.00 
Min 25.76 22.72 49.70 46.90 26.52 23.49 0.00 0.00 0.78 -0.95 17.92 5.00 
Max 26.53 27.10 62.90 75.20 28.04 26.99 0.03 0.22 0.99 1.00 25.71 24.24 
Standard deviation 0.19 1.17 3.81 6.46 0.40 0.90 0.01 0.02 0.05 0.38 1.78 5.10 
The most common values 26.26 24.39 50.10 65.00 26.54 24.58 0.00 0.01 0.84 -0.43 19.05 5.01 
 
The values of PMV factor show that conditions inside the examined class  are highly comfortable after 
introducing additional modifications – inner window blinds and mechanical ventilation. Average PMV value was -
0.30, and it is well within the required range of comfort specified by Fanger [7]. 
 
The measured average air temperature in 2014 was 24.67°C, and was about 2°C lower than the values obtained 
during the previous measurements. Distribution of air temperature and humidity ratio for the whole measurement 
cycle has been presented on the Fig. 1. 
Fig. 1. Temperature and humidity distribution for analyzed period in east classroom. 
4. The assumptions on the analysis of thermal comfort in Design Builder software  
Simulation allows us to evaluate how the heat capacity of construction materials affects the thermal conditions 
inside the building during the summer period and protection against overheating 
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The simulation was performed with the use of Design Builder software [8]. This software allows to perform 
energy analysis, microclimate simulation and environmental impact of the buildings. Design Builder software 
enables us to examine thermal comfort, overheating of the building, design the heating and cooling systems, 
estimate annual energy demand and carbon dioxide emission. It is also a useful tool to perform daylighting 
analysis with the visualization of the building. 
 
Analysis was performed for the eastern classroom, for which previous measurements and calculations of heat 
comfort had been performed. Initial order of the layers placed on external walls was made according to the project:  
lightweight plaster, thermal insulation 32cm, silicate blocks 25cm, gypsum plaster 1 cm. In subsequent simulation 
variants, the construction layer was modified using a standard thickness for each layer of the materials. The 
characteristics of the materials have been summarized in Table 2. 
Table 2. Characteristics of analyzed materials. 
Construction material Thickness[cm] Density [kg/m3] 
Heat Conduction 
[W/(m*K)] 
Specific Heat 
[J/(kg*K)] 
Silicate  blocks 25 1400 0.41  880 
Cellular concrete 24 600 0.17 840 
Solid brick 25 1800 0.77 880 
It is worth noting that the assumed values for silicate blocks were included in the original project documentation 
for the analyzed school. Values of the thermal conduction coefficients for hollow silicate blocks are within the 
range of 0.4-0.7 W/m2K, and thus are warmer, and lighter than  the full silicate blocks, for which λ is 0.8-1.0 
W/m2K. We can suspect that for various types of silicates we will receive different results for the PMV factors in 
the building. 
 
 
Fig. 2. School visualisation made in Design Builder software showing sunpath diagram at 10.00 am, 15th June. 
 (dark color indicates the analyzed classroom). 
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Outside climate conditions are based on the ASHRAE data for Wroclaw. The period taken into account during 
the simulation ranges from 15 May to 15 September, when there is a possibility of building overheating in Poland. 
It is worth mentioning, that the weather database contains data for the year 2002, thus it is possible to compare the 
results of the simulation when the boundary conditions were similar to the ones acquired during the microclimate 
measurements. 
The ground floor and first floor are lighted with the system of horizontal windows in east and west external 
walls .  The southern and northern wall are exceptions to that model of lighting, since additional vertical windows 
are installed in these walls. These windows were composite, with triple glazing , and the thermal transmittance 
coefficient for the whole window is U≤0.8W/m2*K. Light transmittance coefficient for windows is 0.63, and with 
external shading elements gc≤0.5. 
 
Density of the population in the examined class is 0.54 person/m2, thus an area of 55 m2 corresponds to 30 
persons in the class. The class is used from Monday to Friday, between 8 am and 2 pm. The physical activity and 
the level of clothing insulation of people present in the class was assumed according to the proper Standard to be 
1.0 met and 0.3 clo for summer season. 
 
According to the project, a mechanical ventilation system was introduced. During school operation times, we 
can assume 3 air changes per hour. Besides this time, we have assumed a single air change each hour. The amount 
of fresh air for each person is 10 l/s. Gains from inner electrical devices were taken into account at the level of 2 
W/m2. The lighting was assumed as suspended, with a standard intensity of 300 lux. 
 
In the model, it was assumed that the internal blinds are used only when the inner temperature exceeds 24°C, 
while external shading elements with 0.5 m length are fixed in the same position. It is worth mentioning, that for 
purposes of the simulation it has to be assumed that due to the mechanical ventilation, the windows are never 
opened. During the measurements, natural airing of the classroom was possible.  
5. The effect of various wall construction materials on the internal thermal conditions 
Simulation variants described earlier refer only to the structural layer. The layer of the thermal insulation was 
the same  in each analysis - 32 cm of polystyrene. Floor and ceiling layers were also not modified. Results of the 
simulations allowed us to compare the effect of various construction materials on the internal temperature. Table 3 
shows the statistics on the internal air temperature and PMV factor for the analyzed cases.  
Table 3. Statistical measurements of internal air temperature and  PMV values  for three  different construction materials during the whole 
period of analysis. 
  Air Temperature [°C] Fanger PMV [-] 
  s.b. c.c. s.b. s.b. c.c. s.b. 
Min 20.503 19.701 20.898 -2.153 -2.471 -1.996 
Max 31.204 31.373 31.145 1.599 1.694 1.567 
Average 25.338 25.151 25.456 -0.357 -0.433 -0.309 
Standard deviation 1.841 2.043 1.753 0.650 0.737 0.612 
 
It can be clearly seen that the individual values are very similar. The highest temperature occurs in July-August, 
and the maximum temperature was recorded on August 15 at 14.00, when the school is not operational according 
to our previous assumptions. Considering the average temperatures,  the highest value was observed when 
applying a solid brick construction, and the lowest value, equal to 25.151°C, was observed for cellular concrete. 
Considering  maximum temperatures, the solid  brick construction has the most favorable results of  the analysis of 
overheating. 
 
The maximum value of PMV factor for the whole analyzed period is 1.694 as a result of simulation for cellular 
concrete. The minimum value of  the highest PMV factors  is 1.567 for the partition where the construction 
material is solid brick.  
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Due to the fact that the analysis was for a wide range of period and the graphs showing the temperature 
distribution were difficult to read, a shorter period was chosen, in which the outside air temperature reaches a high 
value. The selected interval was Monday to Friday 03.06-07.06 (Fig. 3). 
 
Fig. 3. Temperature distribution in classroom for chosen period of analysis. 
For the assumed period of analysis and predefined input data, the problem of overheating in the building interior 
is noticeable, regardless of the used construction material. Although the differences between the results are small, 
it is worth paying attention to the role of highly-conductive materials in the temperature and PMV value formation. 
By analyzing the temperature distribution for the chosen week, the difference of one degree between the massive 
solid brick and lightweight cellular concrete can be noticed. A wall containing aerated concrete as a construction 
material has much lower heat capacity than the others. The greater the heat accumulation of the partition, the 
higher is the thermal inertia, which causes smaller changes in temperature.  
 
Based on the PMV factor distribution, it can be concluded that regardless of the material used in wall 
construction, in the case of high external temperatures with average values of 29°C, we will observe periods of 
discomfort. From ca. 7.00 am to 4.00 pm, the analyzed class users are outside the range of comfort specified by 
Fanger. The maximum values of PMV (1.17) occurred at 2.00 pm. for aerated concrete and 0.97 for solid brick. 
The reduction of heat capacity of the wall by using a lightweight material like aerated concrete deteriorates the 
internal environment of the building in the summer. 
Fig. 4. PMV factor values in  classroom for chosen analyzed period. 
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Cooling the building using natural ventilation is one of the many ways to protect a building against overheating 
[9][10]. A high level of ventilation during the night hours is especially recommended. However, it is a topic of a 
different analysis [11]. Although mechanical ventilation does not imply the need to open the windows, additional 
simulations were performed, reflecting  the actual state of the exploitation of the building. The analysis was carried 
out with initial assumptions that the wall construction layer is made of silicate blocks. The differences in the PMV 
values for class with and without natural ventilation are shown in Figure 5. 
 
Figure 5 shows that usage of natural ventilation decreases internal temperatures in class by approximately one 
degree. Similarly,  PMV indicates a smaller value of 0.1. 
 
Fig. 5. PMV factor values distribution for chosen analyze period with natural ventilation. 
6. Summary 
This research and simulations aim at providing additional knowledge about the impact of construction material 
in buildings on the thermal comfort of its users.  Comparing  the results for different materials can show  that in 
case of protection from overheating, heavy materials with high heat capacity  are the best choice. Highly 
conductive materials generate lower values of internal temperature in summer, and are closer to comfort zone 
conditions based on PMV values. Judging from these results, the analyzed brick with a higher heat accumulation 
than cellular concrete is a better material to use when improving thermal stability of the buildings. High heat 
accumulation can stabilize the internal temperature and make better use of the excess profits  and periodic 
shortages of thermal energy delivered to the building. 
 
The optimal solution would be to use different construction materials in the same building depending on the 
type, location and purpose of the rooms. It is recommended to use, in a south-oriented space, massive construction 
materials with high heat capacity so the solar heat can be accumulated and then distributed. This option should be 
carefully analyzed using appropriate simulation tools, in order to control both thermal comfort and energy 
consumption issues. 
 
Natural ventilation was not included in all variants of simulation because of the primary assumptions of 
exploitation of building. Further analysis indicated that airing the room with natural ventilation affects the interior 
microclimate. It should be noted that in the case of field  measurements carried out in 2014 when the windows 
were opened, the users were in  thermal comfort conditions despite the high level of outside temperatures. 
 
It should be noted that the article focused on only one factor affecting thermal comfort, while in the design and 
implementation a whole range of interrelated factors affecting thermal comfort have to be taken into account. It is 
therefore important also to consider the shape and arrangement of the building structure, number and location of 
transparent partitions and sun-protection systems in addition to the material issues. 
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